Abstract The genetic variation, marker attributes and population structure was assessed in 104 genotypes of cucumber using 23 SSR primer pairs. The total number of alleles produced was 67 with an average of 2.91 per locus. Allele frequency was in the range of 0.215 to 0.561 with mean value of 0.403, polymorphic information content ranged from 0.158 to 0.495 with the mean of 0.333, marker index ranged from 0.316 to 1.54 with an average value of 0.954 and resolving power ranged from 0.346 to 2.692 with mean of 1.392. The maximum allele frequency was reported with primer SSR65, whereas the maximum value of polymorphic information content and resolving power was found with SSR61 and the maximum value of marker index was reported with SSR60. Jaccard's similarity coefficient ranged from 0.07 to 0.897 with maximum similarity between genotype G40 and G41 and minimum between G16 and G20, and G16 and G100. Clustering and PCA grouped the genotypes in two clusters, and majority of them were found in cluster B. The population structure analysis also showed two major populations, in which 47 genotypes were found in population 1, 39 genotypes in population 2, whereas remaining 18 genotypes were admixtures. The study provides researchers a valuable information for genotype identification, gene mapping, molecular breeding, and future exploration of cucumber germplasm in India and other major cucumber growing countries.
Introduction
Cucumber (Cucumis sativus L. 2n = 24) belongs to family Cucurbitaceae, and is one of the most important vegetable crop grown worldwide. Among cucurbitaceae family, cucumber is considered as a model plant for conducting genetic research because of its smaller genome size (367 Mb), rich diversity of gene expression and short life cycle (Ren et al. 2009 ). Cucumber has originated from India likely from the foothills of Himalayan Mountain, and its cultivation have spread rapidly from India to Western Asia and then to Southern Europe (Lv et al. 2012) . In terms of fruit production, the top three countries producing cucumber are China, Russia and Iran. India ranks at 28th position producing about 0.17 mega tons annually on 26982 hectares of land with a yield of 63412 hg/ha (FAO STAT 2014) . Breeding cucumber for improving its yield, quality, and disease resistance has become a big target for the world wide breeders (Fukino et al. 2008; Yuan et al. 2008) . Cucumber has normally narrow genetic base with 3-12% polymorphism (Staub and Chung 2005) but molecular markers are still used for describing its genetic diversity (Yang et al. 2015) . The molecular markers have a great advantage over morphological because they remain stable under different environmental conditions (Ammar et al. 2015) . A reasonably huge molecular marker database exists for cucumber that includes restriction fragment length polymorphism (RFLP) (Dijkhuizen et al. 1996) , Electronic supplementary material The online version of this article (doi:10.1007/s13205-017-0944-x) contains supplementary material, which is available to authorized users. random amplified polymorphic DNA (RAPD) , sequence characterized amplified regions (SCAR) , amplified fragment length polymorphisms (AFLP) (Bradeen et al. 2001) , and simple sequence repeats (SSRs) markers (Hua et al. 2010; Miao et al. 2011) .
Among all molecular markers studied, SSRs are extensively used in many research areas, such as genetic mapping, quantitative trait loci (QTL) association, population genetics, evolutionary studies, marker assisted selection, and genetic diversity analysis (Beckmann and Soller 1990; Wu and Huang 2006; Phan et al. 2007; Shehata et al. 2009; Mahajan et al. 2016 ). In the past, genetic diversity using SSRs have been reported more or less in cucumber germplasm (Hua et al. 2010; Hu et al. 2011; Yang et al. 2015) and in many other plant species including Arabidopsis (Bell and Ecker 1994) , maize (Semagn et al. 2014) , rice (Dang et al. 2014) , wheat (Salem et al. 2015) , and melon (Zhu et al. 2016) . Further the population structure analysis using 23 highly polymorphic SSRs was also unravelled in a mega-collection (3342 accessions) of Chinese cucumber (Lv et al. 2012) . Genetic diversity and population structure is significantly important for the maintenance, conservation, and enhancement of productivity in agricultural crops. Plant genetic diversity can be estimated, captured, and stored in the form of plant genetic resources, such as gene bank and DNA library. The conserved genetic resources must be utilized for crop improvement in order to provide security to the farmers against biotic and abiotic stresses and should meet future global challenges in relation to food and nutritional security (Govindaraj et al. 2015; GarzonMartinez et al. 2015) . Because of a narrow genetic base in cucumber and a limited number of genetic markers used so far, there is urgent need of using sufficient molecular markers for bridging the gap for the improvement of crop by breeding programmes.
The present study was focussed to evaluate genetic diversity and population structure of cucumber using 23 SSR polymorphic markers. The information obtained from the present research would favour selection of the cucumber genotypes having high genetic diversity of the genes utilised for crossbreeding, molecular mapping, and comparative genomic study.
Materials and methods

Germplasm collection and maintenance
The 104 genotypes of cucumber collected from different agroclimatic regions of India were maintained in experimental field located at SKUAST-Jammu, Chatha. The detailed information of all the genotypes collected from different geographical locations is provided in 
Genomic DNA extraction and quantification
About 100-200 mg of fresh young green leaves was taken from field and grinded into fine powder by liquid nitrogen. DNA was extracted using CTAB method (Doyle and Doyle 1990) , and its concentration and purity was checked by nanodrop and agarose gel electrophoresis (0.8%). DNA was diluted to 50 ng/ll and stored at 4°C for use in PCR, and concentrated stocks were stored at -80°C for future use.
SSR based PCR amplification
Twenty-three highly polymorphic SSR primer pairs evenly distributed across the cucumber genome were selected from previous study (Lv et al. 2012) . The selected primer pairs were manufactured from Sigma, India Company. Primers were diluted to 10 lM from 100 lM stocks with nuclease free water and stored at 4°C for PCR use. The sequences of all 23 primer pairs are presented in Table 2 . SSR based PCR amplification was done in 15 ll reaction mixture, containing Taq polymerase buffer (1X), 1.6 mM MgCl 2 , 0.25 mM of dNTP, 0.5 lM of each primer, 0.75 unit of Taq DNA polymerase, and 50 ng of genomic DNA. All of the PCR reagents were procured from PROMEGA, Madison, WI USA. The amplifications were done in Eppendorf, nexus GX2 thermal cycler with an initial denaturation step of 94°C for 5 min, followed by 32 cycles of 94°C for 30 s, 57°C for 30 s and 72°C for 30 s, and final extension at 72°C for 5 min. Amplified products were run on 3% agarose gel with 100 bp ladder (Thermo Scientific Company, Catalog No. SM0241) for band size estimation and gels were finally documented by DNR Bio Imaging System MiniLumi.
Statistical data analysis
The amplified bands were scored co-dominantly for each primer as ''1'', presence and ''0'' as absence for each SSR locus. The raw binary data was analyzed further to obtain Jaccard's similarity coefficient. Dendrogram was constructed following UPGMA (Unweighted Pair Group Method with Arithmetic Mean) method. Principal component analysis (PCA) was done and converted to a biplot for analyzing the distribution pattern of genotypes in two dimensional space. Both dendrogram construction and LG1 -Jammu N , where n u is number of alleles present and N is total number of genotypes. EMR was obtained by multiplying the proportion of polymorphic markers (b) and the total number of polymorphic bands (Powell et al. 1996) . The PIC detects an allelic variability and was calculated as 1
where pi is the frequency of the ith allele (Botstein et al. 1980) . The MI signifies the overall utility of the marker system and was obtained as the product of PIC and EMR (Varshney et al. 2007 ). Band informativeness (Ib) was estimated by 1 -(2 9 |0.5 -p|), where p is the proportion of the total genotypes containing a particular band. Resolving power (RP) computes the ability of a primer to distinguish various genotypes and presented as P Ib (Prevost and Wilkinson 1999) .
Model based cluster analysis was done to understand the genetic structure and the number of clusters in the data set using the software STRUCTURE version 2.3.4 (Pritchard et al. 2000) . The number of presumed populations (K) was set from 2 to 10 and the analysis was repeated twice. For each run, the burn-in number and MCMC were set to 150,000 each and iterations were set to 10, and the true k was determined according to the method described by Evanno et al. (2005) . The run with maximum likelihood was used to assign individual genotypes into groups. Within a group, genotypes with inferred ancestry based on probability values P C 60% were assigned to the corresponding subgroup, whereas those genotypes with \60% were assigned as admixture, i.e. these genotypes have a mixed ancestry from parents belonging to different geographical origins or gene pools (Dossa et al. 2016 ). The STRUCTURE program was also used for estimating the level of genetic differentiation or Wright fixation index of F statistics (F ST ) between the different populations (Wright 1978) . Private alleles were calculated simply by counting number of unique alleles found in one population but not in the other. Allelic scoring was used in the present study for running the STRUCTURE programme for obtaining appropriate population cluster results.
Results
SSR and marker attribute analysis
The gel representation of 104 genotypes with primer SSR62 is presented in Fig. 1 , and the summary of primer information with their marker attributes is revealed in Table 2 . The total number of alleles produced by 23 SSR primer pairs was 67 with an average value of 2.91 per locus, out of which all were found polymorphic with amplified fragments in the range of 95-410 bp. The number of alleles produced was in the range of 2-5, with the maximum number shown by SSR5. Out of total 67 markers, 8 alleles were found most abundant in present germplasm with 75-100% frequency, 15 alleles were fairly abundant with 50-75% frequency, 16 were moderately abundant with 25-50% frequency, and 28 alleles were reported rare with 1-25% abundance frequency. The mean allele frequency was 0.403, which ranged from 0.215 to 0.561, with maximum reported in primer SSR65 and minimum in SSR56. PIC had average value of 0.333, and the maximum value of 0.495 was found with primer SSR61, whereas the average value of MI was 0.954 and its maximum value of 1.540 was reported with SSR60. The average value of RP was 1.392, and the highest value of 2.692 was recorded with SSR61. However, PIC, MI, and RP reported their minimum values of 0.158, 0.316 and 0.346, respectively, with primer SSR51.
Genetic diversity assessment
Cucumber genotypes were grouped mainly into two major clusters, with cluster A contained only 3 genotypes, namely G16, G70 and G24 (Fig. 2a) . The cluster B was further splitted into B1 and B2, with B1 had only one genotype G26. However, remaining 100 genotypes accumulated in a bigger cluster B2. Jaccard's similarity coefficient ranged from 0.07 to 0.897, with maximum similarity between genotype G40 and G41 and minimum between G16 and G20, and G16 and G100. The PCA grouped the genotypes in a three dimensional space with a clustering pattern similar with the dendrogram (Fig. 2b) . The analysis showed that the first three components accounted for 17% of the total variance, and the cultivars were divided into two major groups. Group A contained G16 and G24, whereas remaining all other genotypes camped in group B.
The cluster and PCA analysis distributed most of the genotypes in groups according to their geographical location, but some of them were also found in different clusters. An interesting observation was also reported that genotype G92 of United States (US) was showing similarity with NB number of bands, NPB number of polymorphic bands, EMR effective multiplex ratio, FA frequency of alleles, PIC polymorphic information content, MI marker index, RP resolving power genotype G88 of Himachal Pradesh, India with Jaccard's similarity coefficient of 0.485.
Genetic structure analysis
The population structure analysis classified 104 cucumber genotypes into 2 sub-populations, with 47 genotypes (45.19%) found in population 1, 39 genotypes (37.5%) in population 2, whereas 18 genotypes (17.31%) were reported as admixtures (membership probability \0.6, Table 1S ; Fig. 3a) . The Evanno test also found a maximum peak value for Delta K at K = 2 in the plots of L (K) versus Delta confirming a likely assignment of the cucumber germplasm into two sub-groups. The individual membership coefficient at K = 2 had maximum mean probability of likelihood value of L (K) = -3333.3, which led to assignment of cucumber germplasm to two (K = 2) sub populations (Fig. 3b) . The total number of private alleles was found only one in population 1 and seven in population 2. The average distance (expected heterozygosity) between the genotypes in population 1 and population 2 was 0.329 and 0.509, respectively. However, the allelic frequency divergence between two populations was 0.093, and the pairwise estimate of F ST for population 1 and 2 was 0.373 and 0.008, respectively. This means that variance observed among two populations was 9.3%, however the variance found within population 1 and population 2 was 37.3 and 0.8%, respectively.
Discussion
The genetic diversity and population structure of a wide variety of vegetable crops was studied for the purpose of the crop improvement through breeding programmes. The usage of SSR markers for the cucumber crop is limited in Indian germplasm. It was revealed earlier that genomic SSRs produced higher polymorphism and allele number in cucumber, when compared with EST-SSRs (Hu et al. 2011) . In the present study, we have accessed genetic diversity of 104 genotypes of cucumber of Indian origin by using 23 polymorphic genomic SSR primer pairs. The number of alleles produced was in the range of 2-5, with the mean value of 2.9 per locus. Earlier Hua et al. (2010) and Lv et al. (2012) observed a higher mean number of alleles of 3.77 and 13.7, respectively. The possible reason might be involvement of more number of molecular markers (28) in former study whereas latter studied on a megacollection of cucumber germplasm (3342 accessions). PIC, MI, and RP had average values of 0.333, 0.954 and (Pandey et al. 2013) and Chinese cucumber (0.388) (Hua et al. 2010) . But PIC was lower, when compared with study of Watcharawongpaiboon and Chunwongse (2008) on Thailand cucumber (0.47), and higher than Dar et al. (2017) on Indian sesame (0.194). Jaccard's similarity coefficient was obtained in the range of 0.07-0.897 that was found similar with previous reported study on Indian cucumber (0.25-0.85) (Pandey et al. 2013 ) and sesame (0.167-0.867) (Dar et al. 2017 ), but higher than tomato (0.2-0.58) (Ranc et al. 2008) , rice (0.16-0.79) (Zhou et al. 2003) and maize (0.54-0.82) (Liu et al. 2003) , and lower than Chinese cucumber (0.64-0.89) (Yang et al. 2015) and Turkish melon (0.22-1.00) (Kaçar et al. 2012) . Weng (2010) reported genetic distance of 0.933 between melon and cucumber, 0.897 between horned melon and melon, and 0.954 between horned melon and cucumber.
The clustering pattern based on UPGMA and PCA did not showed any geographical distribution pattern. This could be the result of frequent gene flow through seed exchanges between different locations, probably by human transfer (Garzon-Martinez et al. 2015) . The most diverse genotype pairs reported in our study were G16 and G20, and G16 and G100. The genotypes G16 and G20 were collected from different parts of Jammu region, however G100 was collected from Solan, Himachal Pradesh. Conversely, genotype G92 of United States was not found solitary in cluster, but instead showed similarity with genotype G88 of Himachal Pradesh. The similarity between G92 and G88 could be due to the Indian origin of cucumber. The dendrogram construction together with PCA 3D plot was done in order to extract the accurate information for grouping of genotypes (Messmer et al. 1993) . UPGMA clustering and PCA revealed similar grouping of genotypes except genotype G70 present in cluster A in dendrogram was moved to group B in PCA. The results were also in agreement with previous study done on Turkish melons (Sensoy et al. 2007 ) and cucumber (Pandey et al. 2013 ). The genotypes belonging to different states of India were mostly grouped in a single big cluster B that clearly indicates a narrow genetic base in Indian cucumber. The population structure showed two sub-populations with 45.19% in population 1, 37.5% in population 2, and 17.31% were found as admixtures. The variation found between two populations was 9.3%, and the variation within population 1 and population 2 was 37.3 and 0.8%, respectively. The higher variation should be captured for conservation of germplasm and breeding strategies for the improvement of crop.
The cultivation of improved varieties made for the purpose of better yield and superior quality has resulted in genetic erosion because of narrow genetic base. Genetic erosion in Indian cucumber was reported earlier by Staub et al. (1997) and Pandey et al. (2013) . Efforts are thus needed to minimise genetic erosion and broaden the genetic diversity by conserving the highly variable genotypes. It is obligatory to cultivate diverse collection of accessions, and crosses should be made between populations rather within populations (Lv et al. 2012) . This may provide a solid foundation for protecting the genetic erosion and will have a great impact on boosting breeding programmes for the improvement of the crop.
Conclusion
Genetic diversity, imperative marker attributes, and population structure was assessed in 104 genotypes of cucumber by 23 SSR primers. The study revealed total number of 67 alleles, with an average of 2.91 per locus. SSR60 and SSR61 were reported better primers because of higher marker attribute values. Cluster analysis showed maximum similarity between genotype G40 and G41 and minimum between G16 and G20, and G16 and G100. The population structure revealed two major populations with 47 genotypes in population 1, 39 genotypes in population 2, whereas remaining 18 genotypes were reported as admixtures. The present study can be helpful in gene mapping, phylogenetic relationship, DNA fingerprinting, and conservation of cucumber germplasm across India and other countries.
